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Some essential features of the ion plasma wave in both kinetic and fluid descriptions are presented. The wave
develops at wavelengths shorter than the electron Debye radius. Thermal motion of electrons at this scale is
such that they overshoot the electrostatic potential perturbation caused by ion bunching, which consequently
propagates as an unshielded wave, completely unaffected by electron dynamics. So in the simplest fluid
description, the electrons can be taken as a fixed background. However, in the presence of magnetic field
and for the electron gyro-radius shorter than the Debye radius, electrons can participate in the wave and can
increase its damping rate. This is determined by the ratio of the electron gyro-radius and the Debye radius.
In interpenetrating plasmas (when one plasma drifts through another), the ion plasma wave can easily become
growing and this growth rate is quantitatively presented for the case of an argon plasma.
PACS numbers: 52.35.Fp; 52.30.Ex; 52.25.Dg; 52.25.Xz
I. INTRODUCTION
The ion plasma (IP) mode has been predicted long
ago1,2 and experimentally confirmed in Bauer et al. 3,4
(but see also in Sessler 5 , Vermeer & Kistemaker 6 ,
Doucet & Gresillon 7 , Kra¨mer et al. 8 , Armstrong 9). Yet,
the mode is not frequently discussed in textbooks (as
exceptions see Baumjohann & Treuman 10 and Bitten-
court 11), probably mostly because it is expected to be
strongly damped12 and therefore of no practical impor-
tance. In fact, in most of the books the curve depicting
its low frequency counterpart, i.e., the longitudinal ion
acoustic (IA) wave, saturates towards the ion plasma fre-
quency ωpi, and the longitudinal mode is absent above
it. Such a profile of the IA wave is simply the result
of the standardly assumed quasi-neutrality in the per-
turbed state. However, the quasi-neutrality condition is
not necessarily satisfied for short wavelengths, and the
line depicting the longitudinal mode indeed continues
even above ωpi. The mode in this frequency regime may
play an important role in plasmas with multiply ionized
ions and where in the same time ziTe/Ti  1, when its
damping is considerably reduced; here zi is the ion charge
number. Particle-in-cell simulations of this space-charge
wave at the ion plasma frequency are performed by Jones
& Keinigs 13 in order to accelerate particles to high ener-
gies. More recently, the IP mode has been discussed by
Drake & Marjoribanks 14 , where an intense pump wave is
used to increase the frequency of an ordinary ion-acoustic
wave to frequencies near the ion-plasma frequency, and
the wave obtained in such a manner is called an induced
IP wave.
The physics of the ion plasma mode is very briefly de-
scribed by Benz 12 , and Drake & Marjoribanks 14 . For
wavelengths satisfying the condition kλde ≥ 1, where λde
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is the electron Debye radius, the electron chaotic motion
is such that they cannot effectively shield charge fluctua-
tions at so short wavelengths. The electrons simply over-
shoot potential perturbations caused by ion oscillations
and they consequently act only as a background (which
is neutralizing only in the equilibrium, but not also in
the perturbed state). The electron and ion role is thus
reversed as compared to the electron (Langmuir) plasma
wave. Compared with the ion acoustic wave, where the
perturbed thermal pressure acts as the restoring force,
in the ion plasma wave the Debye shielding is ineffective
and the restoring force is the electrostatic Coulomb force.
So the ion density oscillates at the ion-plasma frequency
instead of at the acoustic frequency.
The absence of the Debye shielding associated with
the IP wave may affect various other phenomena in
plasmas14, like Stark broadening, braking radiation pro-
cesses, atomic transitions, etc. Therefore identifying pos-
sible sources of the IP mode (like in the case of inter-
penetrating plasmas, see later in the text), is of great
importance and it can help in correctly interpreting ob-
servations in space and astrophysical plasmas.
On the other hand, taking the solar wind parameters10
at 1 AU (Te = 1.5 · 105 K, Ti = 1.2 · 105 K, n0 ≈ 5 · 106
m−3) reveals that the Debye radius for both electrons
and protons is around 11 m. The wavelengths of the IP
wave are below 2piλde and thus eventually exceeding the
typical size of space satellites, that are of the size of a
fridge or bigger (c.f., Messenger Mercury probe is about
1.3 × 1.4 × 1.8 m, while Ulysses solar probe is around
3.3 × 3.2 × 2.1 m size). It is thus obvious that in such
an environment the satellite may appear immersed in the
unshielded electric field of a passing IP wave. A growing
IP wave can consequently affect the performance of its
electric installations, and can lead to surface charging
and sparks.
It is important to stress that both modes (IA and IP)
belong to the same longitudinal branch of a dispersion
equation, yet with different wavelengths kλde < 1 and
kλde > 1, respectively. The physics of the longitudinal
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2electrostatic wave in these two wavelength limits is com-
pletely different, as described above, which justifies the
two different names (IA and IP) being used.
II. BASIC PROPERTIES OF THE ION PLASMA WAVE
A. Kinetic description
In the usual electron-proton plasma and in the limit
kvT i  ω  kvTe, (1)
where vT i, vTe denote the ion and electron thermal speeds
(κTj/mj)
1/2, the kinetic dispersion equation which yields
both the ion plasma wave and the ion acoustic wave
reads12,15:
∆ ≡ 1 + 1
λ2dek
2
− ω
2
pi
ω2
− 3ω
2
pik
2v2
T i
ω4
+ i(pi/2)1/2
{
ω2peω
k3v3Te
+
ω2piω
k3v3
T i
exp
[−ω2/(2k2v2T i)]
}
= 0.
(2)
Here, ω2pj = e
2n0/(ε0mj) are the electron and ion plasma
frequencies in an equilibrium quasi-neutral plasma with
the equilibrium number density n0, and λdj = vTj/ωpj
is the Debye radius of the species j. The IP wave is
obtained for the small second term in Eq. (2), and the
frequency and the damping rate are approximately given
by
ω2r = ω
2
pi
(
1 + 3k2λ2di
)
, (3)
γ = −
(
pime
8mi
)1/2
ωpi
k3λ3de
(
1 + 3k2λ2di
)2
×
[
1 +
(
Te
Ti
)3/2(
mi
me
)1/2
exp
(
−3
2
− 1
2k2λ2di
)]
. (4)
For plasma with hot protons Ti = Te and for k
2λ2de > 1
this yields
γ ' −
(
81pi
8
)1/2
kvT i
[(
me
mi
)1/2
+ exp
(
−3
2
)]
,
so that |γ/ωr| ' 0.8. The damping of the IP mode is
mainly due to the ion contribution (the second term in
the bracket), and it is stronger than the damping of the
ion acoustic wave in plasmas with hot ions. It should be
stressed here that the dispersion equation (3) can also
be derived if electrons are taken as a completely fixed
background. This will be discussed in more detail in the
fluid description later in the text.
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FIG. 1. Transition from the ion acoustic (IA) wave for small
kλde, to the ion plasma (IP) wave for kλde ≥ 1 in an argon
plasma, with both modes being Landau-damped.
In Fig. 1 we give the spectrum from the general equa-
tion (2) for an arbitrary argon plasma with the following
parameters: n0 = 10
15 m−3, Te = 5 · 104 K, Ti = 0.1Te.
The real part of the frequency (full line in the figure) is
obtained from the real part of Eq. (2) and it reads
ω2r =
k2c2s
2(1 + k2λ2de)
{
1±
[
1 +
12Ti
Te
(
1 + k2λ2de
)]1/2}
.
(5)
Here, c2s = κTe/mi, and only the sign plus should be kept
for physical reasons. The damping (dashed line in the
figure) follows from γ ' −Im∆/(∂Re∆/∂ω)ω≡ωr , which
becomes
γ = −
(pi
8
) ω4r
k3v3Te
(
mi
me
)3/2
1
1 + 6k2v2
T i/ω
2
r
×
[(
me
mi
)1/2
+
(
Te
Ti
)3/2
exp
(
− ω
2
r
2k2v2
T i
)]
. (6)
The figure shows the presence of the wave (real ωr) even
above the ion plasma frequency ωpi. The correspond-
ing (normalized) Landau damping (6), the dashed line,
in the IA range of the dispersion curve is very small as
compared with the damping of the IP part. For ex-
ample γ = −0.005 at kλde = 0.1 (which corresponds
to the IA part of the spectrum) while γ = −0.26 at
kλde = 1.4 (corresponding to the IP wave part). Note
that |γ|/ωr = 0.04, and |γ|/ωr = 0.26 for the two cases,
respectively, so the relative damping of the IP wave is
greater by about a factor 6.5. For greater ion tempera-
ture the damping should be much greater, however this
cannot be properly checked within the present approx-
imate derivations because the conditions |γ|  ωr and
kvT i  ωr, used in the derivation of the dispersion equa-
tion (2) and the damping (6), become strongly violated,
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FIG. 2. Absolute value of the ion acoustic and the ion plasma
mode damping in terms of ion-electron temperature ratio.
so that the general dispersion equation [see Eq. (25) be-
low] must be solved exactly instead of using equation (2).
But it is obvious that in normal circumstances (e.g., for
a simple electron-ion plasma) the IP mode is indeed un-
likely to appear without an efficient source.
In Fig. 2 we give the damping of the IA mode at
kλde = 0.1, and of the IP mode at kλde = 1.4 (see Fig. 1)
in terms of the temperature ratio Ti/Te for the same den-
sity as in Fig. 1. The apparent saturation (and decrease)
of the damping for the IA wave for Ti/Te > 0.4, and for
Ti/Te > 0.15 in the case of the IP wave, is only due to the
fact that the condition (1) becomes violated for greater
ion temperature. So above the given temperature ratios
the expansion of the plasma dispersion function is not
justified, and in the same time the term 6k2v2
T i/ω
2
r in
the denominator of Eq. (6) becomes greater than 1 and
affects the line shape. The saturation seen in Fig. 2 is
thus not physical; in reality, the damping of both waves
would further increase, and the IP wave damping is ex-
pected to be stronger than the IA wave damping. This
can only be demonstrated by solving the plasma disper-
sion function numerically for the large Ti/Te ratio. For
the IA wave such a saturation and its comparison with
the exact damping may be seen in Chen 16 , Vranjes et
al. 17 , and Vranjes 18 .
B. Effects of collisions with neutrals within the kinetic
theory
Derivations can easily be generalized to include colli-
sions with neutrals. We may start from the kinetic equa-
tion with the model collisional integral
∂fj
∂t
+ ~v · ∂fj
∂~r
+
qj ~E
mj
· ∂fj
∂~v
= −νjn (fj − njfjn) . (7)
Here
fjn=
(
mj
2piκTjn
)3/2
exp
(
− mjv
2
2κTjn
)
, Tjn=
mjTn +mnTj
mj +mn
.
(8)
Stationary equilibrium is satisfied by fj0 = nj0fjn. In
the perturbed state we have
∂fj1
∂t
+~v·∂fj1
∂~r
+
qj ~E1
mj
·∂fj0
∂~v
= −νjn (fj1 − nj1fjn) . (9)
To simplify notation we shall assume that the ion and
neutral mass and temperature are equal, and for electrons
after neglecting the terms with the mass ratio we have
Ten = Te. The perturbed number density becomes
nj1 = −qjnj0φ1
κTj
[
1− Z
(
ω1
kvTj
)]
1− iνjnω1 Z
(
ω1
kvTj
) , ω1 = ω + iνjn.
(10)
This may be used in the Poisson equation to obtain
the dispersion equation. In the frequency range vT i 
|ω1/k|  vTe we use the same expansions as earlier. The
Z(be) function in the denominator on the right hand side
yields an imaginary term which in the combination with
the rest of the term in the denominator yields a negli-
gible real correction. For ions, assuming that |ω| > νin,
from the Zbi function in the denominator it is enough to
keep the first term in the expansion. The damping for
the electron-ion case with dominant ion-neutral collisions
consequently becomes:
γ = −
(pi
8
)1/2 ω4r
k3v3Te
(
mi
me
)3/2
1
1 + 6k2v2
T i/ω
2
r
[(
me
mi
)1/2
+
(
2
pi
)1/2
k3c3s
ω3r
νin
ωr
+
(
Te
Ti
)3/2
exp
(
− ω
2
r
2k2v2
T i
)]
. (11)
The real part of frequency is the same as before. The
damping given by Eq. (11) applies to both the IP and IA
wave. From the second term in the bracket in Eq. (11),
it may be concluded that the collisions will affect the
IP and IA modes differently. This is because the ratio
νin/ωr is normally smaller for the IP wave, though the
ratio k3c3s/ω
3
r ≡ (cs/vph)3, vph = ωr/k, may be greater
for the IP mode. As example, for parameters from Fig. 2
we have cs/vph = 1.37 for the IP and cs/vph = 0.9 for
the IA wave, while at the same time ωIP ' 9ωIA.
C. Ion plasma wave within fluid theory
Derivation within the fluid theory is straightforward
and this will be presented here only in order to highlight
some essential differences between the IP wave and IA
wave regarding the effects of electron-ion collisions, and
4the general role of electrons. We start from the momen-
tum equations with the BGK collisional terms [which can
directly be derived from the kinetic equation similar to
(7) assuming e-i collisions only]:
mini
(
∂
∂t
+ ~vi · ∇
)
~vi = −eni∇φ− κTi∇ni
+meneνei(~ve − ~vi), (12)
0 = ene∇φ− κTe∇ne −meneνei(~ve − ~vi), (13)
and the continuity equation
∂nj
∂t
+∇ · (nj~vj) = 0, j = e, i. (14)
One interesting feature related to the IA wave and col-
lisions is immediately seen. From linearized Eq. (14) we
have vi1 = ωni1/(kn0), ve1 = ωne1/(kn0). Using this in
Eqs. (12, 13) it is obvious that the friction force terms
exactly vanish if the quasi-neutrality condition is used
in the perturbed state. This approximation is appropri-
ate for the IA wave, hence this mode will be unaffected
by electron-ion collisions21,22. If the Poisson equation is
used instead of quasi-neutrality, the IA wave damping
formally appears21,22, γIA = iνei(me/mi)k
2λ2de, but it is
clearly negligible because k2λ2de  1.
On the other hand, for the IP wave the Poisson equa-
tion must be used. For the perturbed electron number
density we obtain
ne1 =
en0
κTe
(
1− iνeiω
ω2pe
)
φ1. (15)
The ion number density becomes:
ni1 =
en0k
2
miω2
1− iνeiω/ω2pe
1− k2v2
T i/ω
2
φ1. (16)
These two expressions are used in the Poisson equation
ε0∇2φ1 = −e(ni1− ne1) which, on conditions k2λ2de > 1,
Te > Ti yields the IP wave spectrum
ω ' ±ωpi
(
1 + k2λ2di
)1/2 − iνei
2
me
mi
. (17)
This damping is clearly much stronger than the corre-
sponding damping of the IA wave given above. How-
ever, for the parameters used in Figs. 1, 2, this collisional
damping is completely negligible as compared with the
kinetic damping of the IP wave presented in the figures.
The shape of Eq. (17) is formally similar to the elec-
tron plasma wave, which has a cut-off (reflection) at the
electron plasma frequency. However, Eq. (17) is just an
approximate expression and the cut-off is not an actual
feature of the wave; the dispersion curve of the mode is a
smooth line which crosses ωpi as depicted in Fig. 1, and
going into the limit k → 0 and ω → ωpi is not physically
justified.
Interestingly, electron dynamics does not need to be
included in the fluid equations to obtain the basic prop-
erties of IPW described above. Observe first that the full
electron response described by Eq. (15) is the result of the
necessity to formally satisfy momentum conservation due
to friction between the two species. Second, the damp-
ing term in Eq. (17) can be written in an equivalent form
−iνie/2. Third, such a dispersion equation with νie can
easily be obtained if the electron dynamics is completely
neglected in the first place (i.e., if they are treated as a
fixed background), and if the friction term in the ion mo-
mentum equation (12) is taken in the shape −miniνie~vi.
In other words, the electron dynamics plays no role in
the physics of the IP wave, and in the limit k2λ2de > 1
used here all electron terms vanish in any case. So a self-
sufficient set of equations needed to describe the basic
properties of the IP mode in the fluid theory reads:
mini
(
∂
∂t
+ vi
∂
∂x
)
vi = −eni ∂φ
∂x
− κTi ∂ni
∂x
−miniνievi,
(18)
∂ni
∂t
+
∂
∂x
(nivi) = 0, ε0
∂2φ
∂x2
= −eni. (19)
These ion equations can further be generalized by inclu-
sion of various additional phenomena yet these will not
include the dynamics of electrons in any case. In the
nonlinear theory, the reductive perturbation method can
be used for the nonlinear Eqs. (18, 19) for the IP mode
in the manner similar to the IA wave soliton theory23,24.
1. Effects of magnetic field
Within the frequency range of the IP wave, the shortest
spatial scale for electron response is defined by the elec-
tron Debye radius, and due to this they play no role in the
sub-Debye IP wave dynamics. However, in the presence
of an external magnetic field, there appears the electron
gyro-radius ρe = vTe/Ωe, Ωe = eB0/me, as yet another
characteristic length parameter. If ρe > λde the electrons
will be unmagnetized for the IP wavelengths of interest,
and the electron dynamics will remain unimportant as
if the magnetic field is absent. In this case, obviously
the ions will be unmagnetized as well, and the magnetic
field will play no role. The IP wave will propagate at any
angle with respect to the magnetic field, it will be unaf-
fected by its presence, and the wave will still completely
be determined by ion dynamics only. But if ρe < λde, the
electrons may become magnetized within the wavelength
of the IP wave, and they will consequently be able to
respond to the IP wave electric field by performing the
usual ~E × ~B-drift.
Taking the magnetic field B0 = 0.1 T and other pa-
rameters as in Fig. 1, reveals that the ion-gyro radius is
about 9 times larger than λde, while at the same time the
5electron gyro-radius is ten times shorter than the electron
Debye radius. Hence, ion dynamics in the IP wave will re-
main unchanged, but electrons are magnetized and they
might modify the IP wave (this will be checked further
in this section). In the case of solar corona (e.g., with
plasma density 5 · 1014 m−3 and temperature 106 K),
taking the magnetic field B0 = 10
−4 T, and B0 = 10−3
T, yields ρi/λde ' 3000 and ρi/λde ' 300, respectively.
Similarly, for electrons ρe/λde ' 71 and ρe/λde ' 7, re-
spectively. Consequently, for such magnetic fields in the
corona both ions and electrons will remain unmagnetized
for the IP wavelengths, and the wave will remain unaf-
fected by the magnetic field and by electrons, regardless
of the direction of propagation.
To see this all in detail, we may take the initial mag-
netic field as ~B0 = B0~ez and assume the IP wave prop-
agating in any direction, determined by the wave vector
~k. From what we have seen so far it is clear that, if ~k has
one component along ~B0, the electron dynamics along ~B0
will play no role (the assumed wave-lengths are below the
electron response scale). Hence, to see how the magnetic
filed introduces the electron dynamics into the IP wave,
it is best to study the IP wave propagating strictly per-
pendicular to ~B0, say in the x-direction, i.e, ~k = k~ex.
Without collisions, in such a geometry the ion motion
is in x-direction, while electrons perform drift motion in
y-direction. Collisions couple the two motions, as will be
shown below.
The required electron momentum equation now reads:
0 = en0∇φ−κTe∇ne1−en0~ve1× ~B0−men0νei(~ve1−~vi1),
(20)
while the continuity equation for the two species reduces
to
∂nj1
∂t
+ n0
∂vjx1
∂x
= 0. (21)
Instead of Eq. (15) we now have
ne1 =
en0
κTe
1− iνeiω/ω2pe
1 +me/(mik2ρ2e)− iω/(νeik2ρ2e)
φ1. (22)
For the ions, the x-component of the momentum is the
same as their dynamics from the previous section so that
the ion number density is again given by Eq. (16), al-
though they have an additional motion in the y-direction
caused by the electron drag, i.e., −imiωviy = meνei(vey−
viy). This ion component affects the electron dynamics,
and it is already used in the derivation of the electron
number density (22). Eqs. (16, 22) are used in the Pois-
son equation which yields the dispersion equation
1 =
ω2pi
ω2
1− iνeiω/ω2pe
1− k2v2
T i/ω
2
− 1
k2λ2de
1− iνeiω/ω2pe
1 +me/(mik2ρ2e)− iω/(νeik2ρ2e)
. (23)
The contribution ofme/(mik
2ρ2e) in the second (electron)
term is clearly negligible. The rest of this equation can
be written as
1=
ω2pi
ω2
1− iνeiω/ω2pe
1− k2v2
T i/ω
2
− 1
k2λ2de
1+a− (iνeiω/ω2pe)(1− c)
1 + b
,
a ≡ ω
2
ω2pe
1
k2ρ2e
, b ≡ ω
2
ν2ei
1
k4ρ4e
, c ≡ ω
2
pe
ν2ei
1
k2ρ2e
,
and it can be discussed in various ways. As an example,
we may assume a > 1, b > 1, c > 1. All three of these
conditions contain the assumed fact that electrons are
magnetized. The dispersion equation now becomes
(ω2−k2v2T i)(1+d)=ω2pi−iνeiω
[
me
mi
+
ρ2e
λ2de
(
1− k
2v2
T i
ω2
)]
,
(24)
d =
ρ2e
λ2de
ν2ei
ω2pe
.
Here, d can also be omitted, and in the imaginary term
k2v2
T i/ω
2 < 1, and in addition typically me/mi < ρ
2
e/λ
2
de.
Thus the imaginary term finally reduces to−iνeiωρ2e/λ2de,
while the IP wave frequency remains practically the same
as before. Comparing this imaginary part with Eq. (17)
it is seen that, under assumptions used above, the damp-
ing in the presence of magnetic field is considerably in-
creased. This is due to the fact that in the present case
the ions are subject to additional movement (perpendic-
ular to the wave propagation direction) caused by the
electron drag in the direction of the ~E × ~B-drift.
III. INSTABILITY OF ION PLASMA WAVE
The IP wave can become unstable in case of inter-
penetrating/permeating plasmas, that is when one quasi-
neutral plasma propagates through another quasi-neutral
static plasma. For the ion acoustic wave this has been
shown in Vranjes et al. 15 , and in Vranjes 19 . Examples
of such plasmas in space and astrophysical environment
are numerous, to mention just a few. a) Observations
reported in Benz 12 and Brueckner & Bartoe 20 reveal
jets generated in the transition region of the solar at-
mosphere with the rate of about 24 events per second
throughout the solar atmosphere, and having a few thou-
sand kilometers in diameter. The jets were moving up-
wards with speeds of around 400 km/s. b) Similarly, up-
flows of plasma in numerous chromospheric spicules may
reach any height in the corona between 5 · 103 and 2 · 105
km. Their diameters are typically greater than 1000 km,
and they cover a few percent of the solar atmosphere in
any moment. c) An opposite phenomenon, which again
implies interpenetrating plasmas, is the coronal rain12.
This is a plasma moving down towards and through the
6lower layers of the solar atmosphere with almost a free-
fall speed between 50 and 100 km/s. d) In astrophysics,
typical examples of such interpenetrating plasmas are
clouds of novae and supernovae explosions propagating
through the surrounding space, or solar and stellar winds
moving through interstellar and interplanetary plasmas.
e) In laboratory conditions, such interpenetrating plas-
mas with different parameters (e.g., pressure) can easily
be realized.
In general, there is a free energy in such interpenetrat-
ing plasmas, which can drive various current-less plasma
instabilities; some of them related to the IA wave insta-
bility are studied in Vranjes et al. 15 and Vranjes 18,19 .
The kinetic derivation for interpenetrating plasmas fol-
lows the procedure described in detail in Vranjes et al. 15
and it will not be repeated here. It implies Maxwellian
distributions for the static plasma components (all quan-
tities with the index s), and shifted Maxwellians for the
electrons and ions (protons) in the plasma flowing with
the speed v0 (and with the corresponding quantities de-
noted with the index f). Hence, in the equilibrium we
have for the two plasmas separately:
nsi0 = nse0 ≡ ns0, nfi0 = nfe0 ≡ nf0.
On the other hand, in the perturbed state, quasi-
neutrality is not assumed. Instead, the derivation follows
the standard procedure with the general wave equation
as the starting point15, and for the longitudinal modes
the final dispersion equation is
1 +
∑
j
1
k2λ2j
[1− Z(bj)] = 0. (25)
Here, bj = (ω − kvj0)/(kvTj), and
Z(bj) =
bj
(2pi)1/2
∫
c
exp(−ζ2/2)
bj − ζ dζ, (26)
is the plasma dispersion function, with the integration
over the Landau contour c.
Using the well known expansions for Z(bj) in the case
vsj0 = 0, vfj0 = vf0, in the limits
kvTsi  |ω|  kvTse, |ω − kvf0|  kvTfe, kvTfi,
(27)
we obtain the dispersion equation that describes both the
IA and IP waves15:
∆(k, ω) ≡ 1 + 1
k2λ2d
− ω
2
psi
ω2
− 3k
2v2
Tsiω
2
psi
ω4
+i
(pi
2
)1/2 [ ωω2pse
k3v3Tse
+ (ω − kvf0)
(
ω2pfe
k3v3
Tfe
+
ω2pfi
k3v3
Tfi
)
+
ωω2psi
k3v3
Tsi
exp
(
− ω
2
2k2v2
Tsi
)]
= 0. (28)
Here, 1/λ2d = 1/λ
2
dse + 1/λ
2
dfe + 1/λ
2
dfi. The second
condition in (27) implies the absence of longitudinal
modes in the flowing plasma alone. In the ion acoustic
frequency regime this dispersion equation yields15,18,19
the flow driven (current-less) instability with a drift-
speed threshold far below that of the classic electron-
current driven kinetic instability. It will be shown here
that even the ion plasma wave can become growing
for rather realistic plasma parameters which could be
used in actual plasma experiments. From Eq. (28) the
IP wave frequency is ω2 ' ω2psi
(
1 + 3k2λ2dsi
)
. The
imaginary part of the frequency is obtained as before,
γ ' −Im∆/(∂Re∆/∂ω)ω≡ωr , and clearly it can change
sign for large enough speed of the flowing plasma vf0.
The electron contribution to the term with the Doppler
shifted frequency ω0 ≡ ω− kvf0 in the imaginary part of
Eq. (28) is clearly negligible; the ratio of the electron and
ion terms associated with ω0 is (me/mfi)
1/2(Tfi/Tfe)
3/2
and it is typically much below unity.
We shall calculate the frequency and the growth rate
from Eq. (28) taking the static argon plasma parameters
as in Sec. II. The general frequency (which does include
the IA wave range as well) is given by
ω2=
ω2psi
2 [1 + 1/(k2λ2d)]
1+
[
1+
12k2v2
Tsi
ω2psi
(
1+
1
k2λ2d
)]1/2 ,
(29)
where
1
k2λ2d
≡ 1
k2λ2dse
+
1
k2λ2dfe
+
1
k2λ2dfi
.
In the absence of the f -components this frequency re-
duces to Eq. (5). Because of the term 1/(k2λ2d), both
static and flowing components can now contribute to the
real part of the frequency and can change its features,
unless the contribution of 1/(k2λ2d) is negligible. Hence,
to remain in the IP frequency range, it is necessary to
take wavelengths such that 1/(k2λ2d) < 1 or that it is of
the order of unity.
The imaginary part of the frequency becomes
γ = −
(pi
8
)1/2 ω4r
ω2psi
(
1 +
6k2v2Tsi
ω2r
) [ ω2pse
k3v3Tse
+
(
1− kvf0
ωr
)(
ω2pfe
k3v3
Tfe
+
ω2pfi
k3v3
Tfi
)
+
ω2psi
k3v3
Tsi
exp
(
− ω
2
r
2k2v2
Tsi
)]
. (30)
The damping (and growth rate) γ is calculated in terms
of the flowing plasma speed vf0 by taking the same pa-
rameters for both the static and flowing argon plasma
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FIG. 3. Transition from damping to growing, for the IA wave
(kλd = 0.03), and the IP wave (kλd = 0.88), with increased
speed of the flowing plasma.
as in Figs. 1, 2, that is Tse = Tfe = 5 · 104 K, Tsi =
Tfi = 0.1Tse, and ns0 = nf0 = 10
15 m−3 (this would
imply that one plasma is accelerated into another one
externally, e.g., by an externally applied electric field).
Such a choice of parameters is only for simplicity, i.e.,
to have the conditions used in the derivations satisfied in
the simplest way, and to avoid solving the general disper-
sion function (26) numerically. We fix two wavelengths
λ = 0.001 m, and λ = 0.03 m, that correspond to the IP
and IA wave regimes, respectively.
The result is presented in Fig. 3. For the IP wave the
frequency from Eq. (29) is ωr = 1.16ωpsi ' 7.7 · 106 Hz,
while for the given IA wave ωr = 0.046ωpsi ' 3 · 105 Hz.
Observe that for the given parameters the acoustic speed
in the static plasma vs ≡ cs(1+3Tsi/Tse)1/2 = 3662 m/s,
where c2s = κTse/msi. From the graph it is seen that the
IA wave becomes growing around vf0 > 2000 m/s, and
the IP wave around vf0 > 1800 m/s. Hence, in both
cases this is far below the acoustic speed of the static
plasma. The drift-speed threshold of the IPW is lower
because it has a smaller phase velocity than the IAW.
The presence of additional f -species changes both
modes, but differently. The line for the IP wave in Fig. 3
is above the IA line in the part of the graph where the
mode is damped (which is just the opposite to the case
presented in Fig. 2 where the IP wave damping is always
stronger). So the IP wave becomes destabilized easier in
the presence of additional electron and ion components
(in fact this is mainly due to additional ion species), al-
though its growth rate for vf0 > 2200 m is below the IA
wave growth rate.
The conditions (27) used in derivations are not per-
fectly satisfied so that qualitative analysis might be re-
placed with more exact numerical solution of the plasma
dispersion function (26), in particular in application to
plasmas with hot ions like in the solar corona, but this
is beyond the scope of this work. Note also that in-
stead of conditions (27) we may have the following limits:
kvTsi  |ω|  kvTse, and kvTfi  |ω − kvf0|  kvTfe.
The dispersion equation obtained in such a manner can
easily be derived; for the IA wave frequency range it is
discussed in Vranjes et al. 15 .
IV. SUMMARY
The ion plasma wave is rarely studied in the litera-
ture. Most likely this is the result of the fact that in the
simple electron-ion plasma, and with increased ion tem-
perature, the mode is (kinetically) more strongly damped
than the ion acoustic wave. These features are presented
in Figs. 1, 2. On the other hand, the mode develops at
spatial scales below the electron Debye radius, at which
coherent and organized ion motion due to electrostatic
force is usually not expected and the mode has thus re-
mained out of the focus of researchers although it has
been experimentally verified3,4. However, in case of a
mixture of several ion species, the damping of the IP wave
can be reduced, and in fact it can become lower than the
damping of the IA wave in such an environment. This is
shown quantitatively in Sec. III in the discussion related
to Fig. 3. Within kinetic theory, collisions additionally
damp the IP mode but this damping can be smaller than
the damping of the IA mode for the same parameters. In
a fluid description, the ion plasma wave can be discussed
without losing any physics by assuming the electrons as
a completely fixed background.
In interpenetrating plasmas containing free energy in
the flowing plasma component, the IP mode can become
growing due to purely kinetic effects. Such an instabil-
ity, shown in Sec. III, develops for the speed of a flow-
ing plasma that is well below the acoustic speed in the
standing plasma. In addition, the IP mode is shown to
be destabilized more easily that the IA mode.
The analysis presented in the work suggests that the
ion plasma wave may be much more abundant than ex-
pected. In the solar wind environment at 1 AU distance
from the Sun, this wave may develop at wavelengths
below 2piλde ∼ 70 m, and with frequencies of the or-
der of a few kHz. For the magnetic field25 of around
7 nT this yields λde/ρe ' 0.01 while in the same time
ρi/λde ' 4000. So for both ions and electrons involved
in the IP wave motion the magnetic field plays no role.
In the solar corona, the IP mode implies wavelengths of a
few centimeters or shorter, and frequencies in the range
of 107 Hz or higher, and it is again unaffected by the
magnetic field, regardless of direction of propagation.
The short wavelength of the wave implies that it may
propagate even in plasmas with the magnetic field, and
at any angle with respect to the magnetic field vector. In
such plasmas with magnetic field, the electrons can affect
the IP wave behavior on the condition that their gyro-
radius is shorter than the Debye radius, or equivalently
when the electron plasma frequency is below the electron
gyrofrequency ωpe < Ωe. This is shown in Sec. II C 1.
In case of a growing mode, like the one excited in inter-
8penetrating plasmas discussed in Sec. III, the energy of
the wave can be channeled into internal (kinetic) plasma
energy by the same stochastic heating mechanism known
to work in the case of the ion acoustic wave. This mech-
anism is described and experimentally verified for the IA
wave in Smith & Kaufman 26,27 . This means that the
mentioned macroscopic flows in the solar atmosphere, as
an example of interpenetrating plasmas that drive the
IP wave unstable, may directly heat the solar plasma.
In the case of IPW propagating along the magnetic flux
tubes in the solar atmosphere, there may be refraction
and self-focusing of the wave front in case of a greater
density at the external regions of the tube. Such a duct-
ing effect is known to play role in the electromagnetic
wave propagation12,18 as well. For the IP wave this may
result in greater amplitudes and such a linearly focused
unshielded electric field of the wave may cause a more ef-
ficient acceleration and energization of particles, similar
to the case of experimentally amplified IP waves13.
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